Investigation of the Coso Range using seismicity, gravity, and geochemistry of rocks and fl uids, supports the interpretation that the structure hosting the geothermal resource is a nascent metamorphic core complex. The structural setting is a releasing bend in a dextral strike-slip system that extends from the Indian Wells Valley northward into the Owens Valley. This tectonic setting results in NW-directed transtension, which is accommodated by normal and strike-slip faulting of the brittle upper 4-6 km of the crust, and shearing and ductile stretching below this depth, accompanied by shallow igneous intrusions. Focal mechanisms of some small earthquakes that have occurred from 1996 to the present beneath the Coso Range exhibit depth-dependent rotation of seismic P and T axes, indicating that the local orientations of the principal stresses likely favor resolved shear stress on low-angle faults. These small earthquakes occur near the base of seismicity, which we interpret as coincident with the brittle-ductile transition. Geochemical results show a signifi cant asthenospheric infl uence in the isotopic composition of rocks and fl uids, indicating that the crust is thinned within the Coso structure. Thinned upper crust is underlain by a more dense mafi c body at depths of 10 km or less. This is consistent with observed gravity anomalies and models. The mafi c body may represent cumulates left over from the fractional crystallization of rhyolite, which occurs as endogenous domes at Coso, or it could be a sheeted-dike complex in the upper mid-crustal area. Transtension began at 2-3 Ma, and continues today. Using a long-term crustal deformation rate of 2 mm/yr, we infer that the basal detachment fault commonly observed in fully exhumed metamorphic core complexes will reach the surface in two to four million years.
INTRODUCTION
Metamorphic core complexes were fi rst recognized in the late 1970s through the work of Coney (1974) , Crittenden et al. (1978) , and Davis (1975 Davis ( , 1977 . Their work built on earlier reconnaissance investigations of Misch (1960) and Armstrong (1968 Armstrong ( , 1972 , who described the fundamental characteristics of metamorphic core complexes as low-angle normal faults that juxtapose disparately metamorphosed rocks above and below. The term metamorphic core complex was introduced by Crittenden et al. (1978) as a generic description of structures that occur widely in the western United States. Since 1978, there has been a proliferation of investigations on the nature, origin, and mechanisms of formation of metamorphic core complexes (for a summary, see Lister, 1988, and Beratan, 1996) .
A typical metamorphic core complex is characterized by an extended upper plate of fault-bounded blocks resting structurally on a lower plate of highly metamorphosed rocks that have been subjected to ductile deformation (Fig. 1) . The structural contact between the brittle upper-plate rocks and metamorphosed lower-plate rocks commonly is a mylonitic shear zone. Upper-plate faults are observed to terminate against, or sole into, this shear zone. Additional features of fully exhumed metamorphic core complexes suggest that certain conditions were operational during formation of the structures, including hydrothermal alteration related to coeval heating and possibly volcanism ( Fig. 1) , and pervasive faulting and fracturing from coeval tectonic activity. Exposure of the lower-plate rocks in a typical metamorphic core complex is attributed to uplift and doming in response to extreme attenuation of the upper plate, presumably in the latter stages of the evolution of the structure. The question this paper is concerned with, however, is what a very young, or "nascent," metamorphic core complex would look like prior to exhumation and exposure of the lower plate.
In this paper we show that the Coso geothermal area in eastern California has many of the features of an immature metamorphic core complex. We summarize the structural setting and salient features of exhumed metamorphic core complexes, and go on to describe the tectonic, structural, seismological, geophysical, and geochemical characteristics of the Coso Range that are consistent with the hypothesis that this region is an actively developing, but immature, metamorphic core complex. Finally, we will show that the location and geologic structure of the area are the result of transtension associated with the Pacifi c-North America plate boundary.
Structural Setting and Characteristics of Metamorphic Core Complexes
In the southwestern United States, metamorphic core complexes are widely distributed in western Arizona, eastern California, and eastern Utah, and are among the most intensively studied tectonic features in the United States (see, for instance, Gans et al., 1985; Wust, 1986; Livaccari et al., 1995; Fletcher et al., 1995) . They characteristically are found in regions that have undergone large amounts of Cenozoic crustal extension and thinning (e.g., the southern and northern Great Basin), and areas that have been subjected to transtension (e.g., Walker Lane and Death Valley). Examples of the former include the Central Mojave metamorphic core complex and the Snake Range (Gans et al., 1985) . Notable among the latter are the Funeral Mountains (Serpa and Pavlis, 1996) , the Mineral Mountains (Glazner et al., 1994) , and the Black Mountains (Holm et al., 1993) . Although there are differences in the geometries of the faults that bound these structures, they all require thinning of the crust to accommodate extension in the horizontal plane.
Another common feature of metamorphic core complexes is the presence of magmatism. Glazner and Ussler (1989) discussed the role of magmatism as it relates to regional extension in the southwestern United States and concluded that associated crustal thinning increases the average crustal density and promotes eruption of basalts. Lister and Baldwin (1993) contend that the formation of metamorphic core complexes may, in fact, be dependent on syntectonic mafi c intrusions that heat the crust and facilitate formation of a brittle-ductile transition zone. Buck (1991) asserted that core complexes formed in areas of high heat fl ow with contemporaneous volcanism, consistent with Coney and Harms' (1984) observation that formation of metamorphic core complexes in what is now the southwestern United States was facilitated by a pulse of volcanism related to subduction of young, hot lithosphere as the Farallon plate spreading ridge approached North America. They proposed that this heated the crust and reduced the effective viscosity of the lithosphere, which then promoted wholesale crustal thinning. Christiansen (1989) , Gans et al. (1985) , Smith et al. (1990) , Miller and Miller (1991) , Davis and Hawkesworth (1993) , and Walker et al. (1995) showed that calc-alkaline magmatism occurred prior to, or during, extensional events, which may have softened the crust and thereby enabled unroofing of the metamorphic core complexes. Parsons and Thompson (1993) argued that mid-crustal magmatism associated with metamorphic core complex formation results in thermal softening of the crust, increased horizontal strain, and rotation of principal stress axes, thus facilitating formation of low-angle normal faults commonly found in the brittle upper plate (cf. Fig. 1 ) of fully exhumed metamorphic core complexes.
Examples of Youthful Metamorphic Core Complexes
Although the vast majority of well-studied core complexes are fully exhumed, there are examples reported in the literature of metamorphic core complexes that are in the formative stages. A brief examination of the characteristics of these will provide valuable clues to what is important in recognizing a nascent metamorphic core complex.
The Woodlark-D'Entrecasteaux extensional province in Papua New Guinea is such an example (Abers, 1991, and Hill et al., 1995) ; it is associated with a zone of high seismicity, is in close proximity to an active volcanic fi eld, and is in an area of localized extension bounded by strike-slip faults. Hill et al. (1995) described syntectonic introduction of asthenospheric mantle material that produced temperature and pressure conditions conducive to: development of shallow silicic plutons and associated magmatism; formation of metamorphic rocks in the lower plate; and facilitation of stress conditions for the occurrence of low-angle normal faults (Abers et al., 1997) .
Another nonexhumed core complex has been postulated at Larderello, Italy, on the western coast of the province of Tuscany (Franceschini, 1995) in an area that has pervasive surface geothermal activity. Using refl ection seismology, investigators have identifi ed an antiformal refl ector that they refer to as the "K" horizon, which lies at or near the local base of seismicity, coincides with a zone of intense metamorphism found in geothermal exploration wells, and is interpreted to be a ductile, mylonitic detachment fault (Franceschini, 1995) . The "K" horizon has been penetrated by two wells, which encountered near-lithostatic fl uid pressures and temperatures in excess of 400 °C (Cappetti et al., 1985) . Fournier (1991 Fournier ( , 1999 pointed out that fl uids found in shallow hydrothermal systems that have temperatures near that necessary for the ductility of quartz-rich rocks (≥350 °C) have associated hydrostatic pore fl uid pressures. These fl uids generally occur at 3.5-5.0 km depth beneath the impermeable brittle-ductile transition (Fournier, 1999) . In this type of environment, any fractures that form as a result of brittle failure due to transient strain rate perturbations will subsequently seal as a consequence of ductile fl ow, thus there will be no permeability, and the system will form an impermeable seal: the brittle-ductile transition (Fournier, 1999) . Fluids beneath the brittle-ductile transition can attain lithostatic pressure equilibrium, whereas those above the transition are at hydrostatic pressure. The "K" horizon does not, however, crop out, so if the Larderello fi eld is indeed a core complex and the "K" horizon is the brittle-ductile transition, then the metamorphic core complex must be in the formative stages.
LOCATION AND TECTONIC SETTING OF THE COSO FIELD
The Coso geothermal fi eld is located in the Coso Range in east-central California (Fig. 2) within an area that Wernicke (1992) referred to as the southwest Basin and Range. Coso is situated east of the Sierra Nevada front in a zone of high seismicity that produced a magnitude 7.5 earthquake in 1872 (Beanland and Clark, 1994) and a magnitude 5.8 event in 1995 in the Indian Wells Valley. Both earthquakes were dextral strike-slip events, manifest of the long-lived transtensional domain that has been active in the southwestern Basin and Range for the past 16 m.y. (Wernicke et al., 1982; Hodges et al., 1989; Schweig, 1989; Bacon et al., 1982) .
The Sierra Nevada-Central Valley ("Sierran") microplate that forms the western margin of the southwest Basin and Range currently is moving ~12-14 mm/yr in a northwest direction relative to stable North America (Argus and Gordon, 2001; Dixon et al., 2000) . Wernicke et al. (1982) presented evidence for 120 km of right-lateral transtensional displacement along the northern Death Valley fault zone, and 20-40 km of extension in Panamint, Saline, and Owens Valleys, all of which has accommodated large-scale translation of the Sierra Nevada with respect to the Colorado Plateau during late Cenozoic time. described at least 10 km of additional westward-directed extension in the Indian Wells Valley during the latest Miocene(?) and Pliocene. Thus, the minimum total extension in the southwest Basin and Range is estimated at 150-170 km. Geodetic observations (McCluskey et al., 2001) indicate that up to half of the present Sierran-North American motion at the latitude of Coso is accommodated by distributed dextral shear (Oldow, 2003) along a series of poorly integrated strike-slip and normal faults in the Owens, Rose, and Indian Wells Valleys. The Coso geothermal area occurs within this zone in the middle of a releasing stepover between two dextral faults (Unruh et al., 2002a) .
Early geological studies of the Coso Range recognized the youthful nature of the volcanic features found there (Schultz, 1937; Evernden et al., 1964) , although a defi nitive study of the volcanic geology of Coso was not published until Duffi eld and Bacon (1981) . One of the relevant geologic features of the Coso Range is the strongly bimodal Pleistocene (1.1-0.033 Ma) rhyolite-basalt rocks and associated tephra. Although small in volume, they attest to youthful volcanism associated with the site (Duffi eld, et al., 1980) , as do the abundant hot springs, fumaroles, and mud pots. Weaver and Hill (1979) were the fi rst to suggest that seismicity within the Coso Range defi ned a releasing bend in a dextral strike-slip fault system. Roquemore (1981) also interpreted that active deformation in the Coso region refl ects distributed crustal shear and strike-slip faulting. Analysis of seismicity data acquired over the past fi fteen years confi rms these observations, and places the principal boundary faults of the strike-slip system in the Indian Wells Valley on the southwest and the Wild Horse Mesa area on the northeast (Fig. 2) . The dimensions of this stepover are ~100 km in length by 60 km in width. The Little Lake fault zone that defi nes the southwestern boundary of the Coso stepover (Fig. 2) dextrally offsets 465 ka basaltic lava fl ows (Roquemore, 1981) . A swarm of events occurred in 1982 in the central Indian Wells Valley along the projected buried trace of the Little Lake fault, highlighted by a M L 5.2 event, the focal mechanism of which exhibited nearly pure dextral slip on a NW-striking nodal plane.
Structural Setting of the Coso Range
The northeastern boundary of the stepover is not as well defi ned, but probably is located between the edge of Wild Horse Mesa and Lower Centennial Flat (Fig. 2) . Streitz and Stinson (1977) showed a buried NW-striking fault in the Lower Centennial Flat, but no sense of offset was indicated. Based on geophysical data and modeling, Pakiser et al. (1964) also concluded that a fault with this orientation projected northnorthwestward from Lower Centennial Flat into Owens Lake. Over a 9 yr period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) there were several earthquake swarms that occurred within the Coso Range that defi ned a NW-trending fault zone (Bhattacharyya et al., 1999) , referred to herein as the Wild Horse Mesa fault (WHMF in Fig. 2 ). Based on detailed analysis of these swarms and their associated focal mechanisms, Unruh et al. (2002a) identifi ed a blind, right-lateral strike-slip fault beneath eastern Wild Horse Mesa, which is a potential candidate for the eastern boundary of the stepover. The blind fault strikes northwest, suggesting that the locus of dextral shearing may pass through the northwestern Coso Range onto the Owens Valley fault in southwestern Owens Lake basin, rather than through the eastern to northeastern part of the Coso Range, as inferred by Pakiser et al. (1964) and Stinson (1977) . Further fi eld mapping is currently under way to better defi ne this northeastern boundary.
The Airport Lake fault (Fig. 2) is a major dextral strike-slip structure that traverses the Indian Wells Valley and appears to terminate at the eastern end of the White Hills anticline. It is a seismogenic fault that supported three earthquakes in late 1995 and early 1996, ranging in magnitude from 5.2 to 5.8. Focal mechanisms and aftershock patterns for these events indicate that they occurred on a NNW-trending, dextral, strike-slip structure. As we will discuss below, the Airport Lake fault is analogous to a crossbasin fault that typically forms in analog models of stepover structures.
Global positioning system (GPS) data acquired annually from 1993 until 2000 in the Coso Range and surrounding areas (McCluskey et al., 2001) show that there is an average of 6.5 ± 0.7 mm/yr of dextral shearing across the Coso Range and the Indian Wells Valley (Fig. 3) . Note that the authors assumed an elastic model with a locking depth of 15 km on major faults. Three E-NE-oriented velocity profi les (Fig. 4) drawn through the area reveal that the crustal velocity can be described as a continuous, 60-km-wide zone of deformation. However, within this zone there are apparent discrete 1.5-3.0 mm/yr steps that, in some instances (e.g., the Airport Lake fault zone and the Coso Wash fault zone), correspond to active fault zones. In other instances, such as between BM 25 and FORK on profi le A, the 2 mm/yr step is not associated with a known, active fault, although the area has experienced several earthquake swarms over the past 15 yr. Within the limits imposed by the GPS sampling locations, these discrete steps correspond to the locations of the major faults in the Coso stepover, attesting to the dynamic character of that structure.
Analog Modeling of Releasing Bend Confi gurations
Analog modeling provides insights into the evolution of pull-apart basins and provides a ready comparison for structures found in the Coso stepover (Dooley and McClay, 1997; Rahe et al., 1998; Sims et al., 1999) . Basin boundaries, symmetry, and internal structures in the models vary according to whether the substrate was ductile or nonductile, the rate of displacement of opposite sides of the strike-slip system, and the obliquity of the angle of displacement relative to the principal bounding faults. All analog models of releasing stepovers developed a through-going, cross-basin fault linking the principal bounding faults.
Comparison of the basic features of these models with the Coso-Owens Lake-Indian Wells Valley structural setting shows that fi rst-order structures correlate very well. The principal bounding faults in the Dooley and McClay (1997) model correspond to the Little Lake fault zone and an unnamed fault, or faults, in the Wild Horse Mesa area. The Airport Lake and the Coso Wash faults appear to be analogous to cross-basin faults that form in analog models of pull-apart basins. Modern seismicity and neotectonic features associated with these two faults can be traced north-northwestward through the Indian Wells Valley to the eastern end of the White Hills anticline (Fig. 2) . At that point strain is transferred ~10 km west in a left (restraining) step and continues northward along the Coso Wash fault to the Haiwee Spring area, where it dies out as a well-defi ned surface fault. Coso Wash also terminates here as an active depositional basin. The left step across the White Hills anticline is analogous to a borderland structure, and the left-stepping, NEtrending normal faults that constitute the Coso Wash fault are analogous to terraced sidewall structures produced in the Dooley and McClay (1997) models.
Exactly how dextral shear strain on the Coso Wash cross-basin fault is transferred northward from Haiwee Spring through the remainder of the Coso Range and into the Owens Lake is unclear. Fault-related lineaments and tectonicgeomorphic features can be traced north of Haiwee Spring to the southern end of Upper Centennial Flat (Unruh and Streig, 2004) . These features may represent surface deformation associated with the northern continuation of the Coso Wash fault. Carver (1970) described tight folds in the Pliocene Coso Formation on the northwestern fl ank of the Coso Range. These folds lie approximately along a straight-line connection between upper Coso Wash and the southern extent of the coseismic surface rupture during the 1872 earthquake (M = 7.5-7.7) on the Owens Valley fault documented by Beanland and Clark (1994) . It is possible that the folding represents surface deformation associated with incipient development of a throughgoing strike-slip fault. Vittori et al. (1993) described surface rupture along a NW-striking fault in the northwestern Coso Range piedmont, which they attributed to the 1872 Owens Valley earthquake. If this interpretation is correct, then the southern end of the dextral Owens Valley fault approaches within ~18 km of the northern termination of the Coso Wash fault in Upper Centennial Flat. The southern Owens Valley fault is in the location of the cross-basin fault predicted by the analog models. Detailed Quaternary mapping of the "neotectonic gap" between Haiwee Spring and the southern end of the 1872 rupture on the Owens Valley fault currently is in progress to resolve this issue.
In the Dooley and McClay (1997) analog models, the cross-basin fault is the locus of maximum crustal thinning. Figure 5 is a cross section through the center of the 30° stepover model that shows a scaled 4.5-km-deep basin and 3.5-km-thick prekinematic layer. The beginning thickness of the prekinematic layer was scaled to 8 km, implying that the upper crust has thinned by more than 50% in the most highly extended part of the model. The correlative location of the model cross section in the Coso Range is shown as A-A′ on Figure 2 . This suggests that the crust is thinnest in the vicinity of the Coso Wash, which coincides with the highest recorded temperature gradients (>100 °C/km) and maximum temperatures (346 °C) in the geothermal wells drilled there. Gradients of this magnitude result in temperatures of ≥350 °C, suffi cient for attainment of ductility in quartz-rich rocks at depths of 3.5 km, thus supporting the contention of a shallow brittle-ductile transition.
Crustal Thinning and Basal Accommodation within the Coso Releasing Bend
A consequence of the releasing bend geometry that we interpret for the Coso Range is that crustal thinning locally accommodates distributed regional dextral transtension. The thinning mechanisms associated with metamorphic core complex formation have been discussed in terms of pure shear (necking) of the crust (Davis and Coney, 1979) , simple shear in the upper crust combined with ductile deformation in the lower crust (Block and Royden, 1990) , and simple shear of the entire lithosphere (Wernicke, 1981) . Wernicke and Axen (1988) and Buck (1988) almost simultaneously proposed a more elaborate model for unroofi ng of metamorphic core complexes that involves formation of detachment faults at high angles, and subsequent rotation of the structures into a lower-angle orientation as deformation progresses. In fully exhumed metamorphic core complexes, brittle faults in the upper crust appear to sole out in the ductile lower detachment. This may be the case at Coso, where moderately dipping faults imaged on seismic refl ection profi les terminate against or sole into a refl ective horizon that Unruh et al. (2002b) interpreted to be the shallow brittle-ductile transition.
One of the major arguments against simple shear on listric normal faults as the mechanism for thinning the upper plate in metamorphic core complexes has been the paucity of evidence in support of the existence of seismogenic low-angle faults (e.g., Jackson, 1987; Jackson and White, 1989) . It is important to emphasize that there is an extremely limited number of cases where there has been verifi cation of seismicity on low-angle normal faults. The only fully verifi able methods known to us are where events are suffi ciently large that the waveform can be modeled (Mori and Hartzell, 1990) , or events from a single earthquake are aligned on a low-angle plane (Reitbrock et al., 1996) . Using high-resolution cluster analysis, Reitbrock et al. (1996) provided clear evidence for movement on a low-angle normal fault in a metamorphic core complex located in the western Gulf of Corinth, Greece, and Huang et al. (1996) described seven defi nable low-angle normal events in the southern Sierra Nevada that they attributed to primarily E-W extension. Abers (1991) and Abers et al. (1997) suggested that normal earthquake focal mechanism solutions from events in the region of the Woodlark-D'Entrecasteaux extensional province, Papua New Guinea, have at least one nodal plane with dips ranging from 10° to 35°. So, while there is not a large body of seismicity data to substantiate seismogenic low-angle normal faults, there a few examples of such activity in areas where crustal extension and high strain rates have also been documented.
In recent years investigators have conducted modeling studies to evaluate conditions under which the formation of, and slip on, low-angle faults is favored in metamorphic core complex settings. For example, Parsons and Thompson (1993) postulated that slip on low-angle faults would be mechanically favorable if the principal stresses are locally rotated away from vertical and horizontal orientations. They showed that such stress rotations could occur around an actively infl ating vertical dike, or they could be the result of increased mid-crustal mobility (isostatic uplift) due to thermal softening resulting from magmatic intrusion.
Alternatively, Chéry (2001) tested the hypothesis that low-angle normal faults can occur if the coeffi cient of friction on the fault plane is low, resulting in horizontal variations in stress and strain in the brittle crust above a metamorphic core complex that are controlled by a weak, moderately dipping normal fault acting as a "breakaway" structure. The model assumes that the coeffi cient of friction along the breakaway fault is ~0.1, in contrast to a coeffi cient of internal friction for the adjacent crust of 0.6. At a distance from the weak fault, the modeled stress is characterized by maximum tension in the horizontal plane and vertical compression, as expected for crust subjected to horizontal extension. In this example the modeled stress distribution predicts that the principal stresses locally rotate to minimize the resolved shear stress on the weak breakaway fault, favoring development of, and slip on, low-angle structures (Chéry, 2001) . It is noteworthy that in the work of both Parsons and Thompson (1993) and Chéry (2001) , the low-angle normal faults sole out at, or just above, the brittle-ductile transition.
In the Coso geothermal area (Fig. 2) , the brittle-ductile transition is defi ned by the effective lower limit of seismicity and high temperature gradients in production wells (Monastero and Unruh, 2002) . Figure 6 is a plot of the depth to the 95th percentile for earthquake hypocenters. These data show that beneath the geothermal area itself, the base of seismicity is quite shallow (3.5-4.0 km), and deepens abruptly to 8-10 km in all directions. A NE-SW cross section through the fi eld (Fig. 7) shows that there is a well-defi ned, nearly horizontal boundary, above which brittle deformation occurs, but below which there are only scattered events. The latter are possibly due to mislocation, transient high instantaneous strain rates, or vertical fl uid migration. We interpret the data as indicating that the brittle-ductile transition is elevated in the central part of the geothermal fi eld because of the very high temperature gradients found there. Geothermal production wells have measured downhole temperatures in the 320 °C to 350 °C range at 3 km depth, suffi cient for onset of crystal plasticity in quartz (Brace and Kohlstedt, 1980) at the ambient strain rates in the Coso area. Likewise, temperature gradients in these wells are in the range of 85 °C/km to 120 °C/km (Combs, 1980) , substantially higher than the worldwide average of 25 °C/km, and they correspond to those predicted by Fournier (1999) for a shallow (3 km) brittle-ductile transition that supports a near-surface hydrothermal system, as is found at Coso.
Because of the strong infl uence of the shallow brittle-ductile transition on the depth distribution of seismicity of the Coso geothermal area, we decided to test the contention of Parsons and Thompson (1993) that fault dip becomes increasingly smaller as the brittle-ductile boundary is approached. We searched the microearthquake catalog for high-quality events (6 or more triggers) for which a focal mechanism solution had been calculated that had one possible nodal plane ≤25°. The search spans the time period from 1996 until the present, because that is the part of the database in which we have the most confi dence in the accuracy of location and magnitude of events.
Results of the search showed that there were 15,170 events with magnitudes (M L ) ranging from 5.2 to -0.5 in the catalog that met these criteria. This represents 36% of the entire catalog and is an inordinately large number of such events when compared to the entire Southern California Seismic Network catalog (23.5%) for the same period of time. Wernicke (1995) investigated the recurrence interval of seismic events as a function of fault dip and found that the likelihood of an event occurring on fault planes between 30° and 60° was ten times greater than on fault planes that are <30°, a fact that he attributed principally to the effi ciency of low-angle faults in dissipating resolved strain.
We performed cluster analysis on the Coso events in an attempt to isolate them onto either the vertical or horizontal nodal planes, but the results were inconclusive. The fact that more than one-third of the events recorded near the base of seismicity in the vicinity of the Coso geothermal fi eld exhibited focal mechanisms with a low-angle nodal plane is evidence that the mechanical conditions are permissive of seismogenic slip on low-angle faults in this setting. Furthermore, results of the fi nite element modeling of Ofoegbu and Ferrill (1998) clearly showed that due to the inherent effi ciency of low-angle normal faults in dissipating resolved strain on the fault surface, slip on listric faults can occur, but may be manifest in very small magnitude events. So, in effect, these authors Figure 6 . Maximum depth of seismicity as determined by the 95th percentile of hypocenters. Events are binned into boxes, the sizes of which are determined by event density, e.g., smaller boxes in areas of greater density. B-B′ is shown in Figure 7 .
establish that the absence of detectable seismic events on low-angle normal faults does not preclude their existence. In reality their detection may be a function of the sensitivity of the seismometer network that is in place.
We use Kamb plots of depth-segmented P and T axes for 921 well-constrained seismic events from within the Coso geothermal fi eld in order to further determine if these axes are progressively rotated from vertical and horizontal orientations, respectively, with depth, thus indicating that slip on low-angle normal faults is mechanically favorable. Kamb plots are used instead of the more common nodal plane representations (i.e., "beach ball diagrams") because they provide a clearer, more precise picture of changes in faulting style with depth.
Seismic P and T axes lie in a plane that is normal to the two orthogonal nodal planes of an earthquake focal mechanism. Both axes are oriented at 45° to the nodal planes with the P axis lying in the quadrants of contractile fi rst motions about the earthquake focus, and the T axis lying in the quadrants of dilatational fi rst motions (Cox and Hart, 1986 ). Anderson's (1951) theory of faulting predicted that most normal faults are initiated with dips ranging from 45° to 70° in the brittle upper crust of Earth. That would place the P and T stress axes in a more or less vertical and horizontal orientation, respectively (Fig. 8) . In contrast, focal mechanisms of earthquakes associated with horizontal shear on low-angle faults would be characterized by both the P and T axes plunging ~45° in opposite directions (Fig. 9) . The geometry of the latter also characterizes vertical shear on vertical faults. Thus, the orientations of P and T axes alone are not suffi cient to uniquely determine whether the subvertical or subhorizontal nodal plane is the actual seismogenic shear plane.
Changes in the orientations of P and T axes with depth beneath the eastern part of the Coso geothermal fi eld indicate that mechanical conditions systematically vary and are compatible with shearing on low-angle faults near the base of seismicity (Fig. 10) . In the upper 1-2 km depth range, T axes data plotted on a lowerhemisphere, Kamb-contour diagram form welldefi ned horizontal maxima that are oriented approximately E-W; P axes data form a subvertical maximum (Fig. 10A ). This geometry is consistent with dominantly normal slip on faults dipping ~45° to the east and west (cf. Fig. 8 ).
In the 2-3 km depth range, there is a mixture of orientations of P and T axes (Fig. 10B ). There are two T axis maxima that plunge ~30° to the east and 30° to the northwest, and a vertical P axis maximum, both consistent with high-angle normal faulting. In addition, however, there are distinct concentrations of moderately plunging (~45°) P and T axes in the southwest and northwest quadrants of the plot. Earthquakes associated with the latter occurred by shearing on subhorizontal or subvertical faults (cf. Fig. 9 ).
To better illustrate that the Kamb plots in Figure 10B document a mix of faulting styles in the 2-3 km depth range, we have divided all 785 events into two subsets corresponding to: (1) focal mechanisms with moderately dipping nodal planes; and (2) focal mechanisms 
Figure 8. Relationship of P and T stress axes to moderately dipping (45°) normal fault planes, and resultant Kamb contour plots (lower-hemisphere projections). Input for the
Kamb plots was generated by assuming a 45° dip on the fault plane and then randomly perturbing the data 500 times to generate a normal distribution about the pole.
exhibiting high-angle and low-angle nodal planes (Fig. 11) . The former are characterized by horizontal east-west T maxima and a subvertical P maximum (Fig. 11A) , which are strongly expressed in the Kamb plot for all events in the 2-3 km depth range (Fig. 10B) . In contrast, focal mechanisms with vertical and horizontal nodal planes are characterized by P and T axes maxima plunging to the east and west (Fig. 11B) . The strong maximum of T axes plunging ~45° to the ENE in Figure 11B accounts for the distinct ENE-plunging maximum in Figure 10B . The strong maximum of P axes plunging ~45° to the WSW also is expressed as a subordinate, but distinct, maximum in Figure 10B . The dominant WSW-plunging P axis maximum in Figure 11B suggests preferred top-to-the-west motion shearing on subhorizontal fault planes.
In contrast to results from the 2-3 km depth range, Kamb plots for earthquakes in the 3-4 km depth interval reveal a clear dominance of T axes plunging ~30° toward the E and two well-defi ned maxima of P axes plunging ~45° toward the NW and SW (Fig. 10C ). These data indicate that earthquakes in this depth range occur primarily by shear on subhorizontal faults, and/or subvertical, N-S-striking faults. There are no concentrations of subhorizontal T axes, or a maximum of subvertical P axes, to suggest that signifi cant slip is occurring on moderately dipping faults in this depth range, as is observed in the 1-2 km depth range (Fig. 10A) . The preferred westward plunge of the P axes in the 3-4 km depth range is consistent with topto-the-west shear on subhorizontal faults, and/or east-down shear on vertical faults (Fig. 9) .
We interpret the data in Figures 10A-10C to show a systematic progression in faulting style with depth beneath the eastern part of the geothermal fi eld consistent with the fi ndings of Parsons and Thompson (1993) . Seismogenic deformation in the upper 1-2 km is characterized by horizontal WNW-ESE extension and vertical crustal thinning, and is accommodated by normal slip on NNE-SSW-striking faults that dip ~45° toward the east and west. Deformation in the 2-3 km depth range is accommodated by a mix of normal slip on moderately dipping faults and shearing on faults that are subhorizontal and/or subvertical. In the 3-4 km depth range, seismogenic deformation is accommodated primarily by shear on low-angle faults and/or subvertical faults. The trend toward increasing fraction of events on either low-or high-angle shear planes with depth is shown in Figure 3 , and is also documented by the histogram in Figure 12 .
This progressive change in faulting style is evidence that the mechanical conditions systematically change with proximity to the base of seismicity. If the base of seismicity (~4 km in this region) is at or near the brittle-ductile transition zone, then mechanical conditions in the brittle crust directly above the zone favor shearing on subhorizontal (and subvertical) faults. The systematic change in faulting style exhibited in Figure 10 is consistent with mechanical models that predict rotation of the principal stresses away from horizontal and vertical orientations to produce signifi cant shear stresses on subhorizontal faults in areas of detachment-style faulting (e.g., Parsons and Thompson, 1993; Chéry, 2001) .
Geochemical Evidence of Crustal Thinning in the Coso Range
Results of geochemical analyses of rock, liquid, and gas samples from the Coso geothermal area provide compelling evidence of asthenospheric infl uence in the Pleistocene-Recent bimodal volcanic suite, relatively shallow depth to dense lower-crustal or upper-mantle type rocks, and thermal infl uence of asthenospheric material. Collectively, these data support the assertion that crustal thinning in the Coso Range enabled mantle melts to reach relatively shallow depths and create the observed thermal anomaly with temperatures at 3.5-4.0 km in the brittleductile transition range for silicic rocks.
Radiogenic Sr and Nd isotopic data on the bimodal Pleistocene volcanic rocks and Mesozoic crystalline basement rock samples taken from the Coso geothermal area (Fig. 13) Sr basalts are indicative of a mantle source, with high time-integrated Sm/Nd and low Rb/Sr. Figure 13 shows that the Coso basalt Sr and Nd isotope values are most similar to those from the Cima volcanic fi eld basalts, which Farmer et al. (1995) concluded were derived from a Pacifi c mid-ocean-ridge basalt source (i.e., asthenosphere). Some of the Coso basalts have slight enrichment in large ion lithophile and light rare earth elements (Groves, 1996) Sr basalts, and indicates that many of the basalts did not make it to the surface unmodifi ed from their mantle sources (Groves, 1996; Bacon and Metz, 1984) .
Results of isotope analysis of Coso rhyolites show a similar mantle infl uence. The data are consistent with petrogenesis in closed-system fractionation, either crystallization or remelting of intermediate rocks derived from mixing of the crust and asthenospheric basalt magma (Miller et al., 1996; Miller, 1999) . The occurrence of andesitic inclusions within rhyolite samples, and overlap in Nd isotopic compositions of the inclusions and the host rhyolites, suggests kinship-possibly a fractionation relationship-between an intermediate andesite magma and an evolved rhyolite magma. Regardless, the isotopic values for the Coso rhyolites shown in Figure 13 require that they have appreciable mantle-derived neodymium. Strontium isotopic composition of the Coso rhyolites is decoupled from neodymium isotopic composition in the sense that the latter has a fairly restricted range (2.5 ε Nd -unit spread), whereas there is a fairly large spread in the former. This can be explained either by late-stage shallow assimilation of small amounts of strontium-rich upper-crust rocks into the very low-Sr rhyolite magmas, or hydrothermal disturbance of the Sr system (Miller et al., 1996) .
Although the range of ε Nd values for the Coso rhyolites is fairly restricted, there is a systematic shift with time from ε Nd = +4 in the oldest rhyolite (ca. 1 Ma) to about +2 in the youngest, and most voluminous, rocks. Errors are ±0.3 ε Nd -units, based on replicates and repeat analysis of standards. The shift is attributed to greater amounts of crustal involvement in rhyolite magma production as the system grew. Based on geobarometric analysis of phenocrysts from the Coso rhyolites, Manley and Bacon (2000) concluded that the magma chamber has been in existence for at least 1 m.y., during which time it has risen from a depth of ~10 km to a depth of ~5 km and has become hotter by at least 30 °C. Shallowing of the magma chamber would permit longer residence time for the melts in the crust, thus increasing the likelihood of crustal contamination and a shift in the ε Nd values.
Similar fi ndings result from geochemical analysis of gas samples from the Coso fi eld. In general, high 3 He content indicates a mantle or crustal origin, and high N implies a magmatic source associated with subducted sediments (Giggenbach, 1986) . Results of analyses of preproduction gas samples taken from three Coso wells (51A-16, 65A-18, and 78B-6) that were unaffected by injection and from a major fumarolic area all show very high concentrations of 3 He and low N (Fig. 14) . These samples plot in the fi eld with Ascension Island, which is fed by a shallow asthenospheric source.
It was determined by Marty and Jambon (1987) that the carbon to 3 He (C/ 3 He) ratio does not change during mantle degassing, and generally has a value of 2 × 10 9 , which is similar to that measured in mid-ocean-ridge basalts (MORB). Welhan et al. (1988) and Giggenbach et al. (1993) made surveys of volcanic gasses in geothermal systems in North America and the world, respectively, which show that there is a great variety of crustal ratios that have mixed with mantle sources. In order to differentiate between crustal and mantle origins, one can plot He ratio. Coso data plot in the same region as results from gas analyses from Ascension Island, Yellowstone National Park, Mount Baker and Mount Lassen in the Cascade Range, and many of the volcanic fi elds of the Taupo volcanic zone in New Zealand (Adams, 1996) . Gas constituents from all of these locations exhibit a strong asthenospheric infl uence.
Gravity Data and Modeling
Since 1996 we have acquired gravity data from more than 3500 locations throughout the Coso Range that have been reduced to complete Bouguer gravity values. A map of the resultant data (Fig. 16) shows that the geothermal fi eld in the central part of the Coso Range is located on the northern fl ank of a long-wavelength, positive 20 mGal gravity high, which is atypical of geothermal fi elds around the world. Most have a strong negative anomaly or show no anomaly at all, a condition that has been attributed to either reduction in the density of the country rocks as a result of hydrothermal alteration, and/or massive fracturing associated with a permeable reservoir (Chapman, 1975; Batini et al., 1985) . Although the Coso reservoir has signifi cant hydrothermal alteration, well-documented permeability, and low-density rhyolite domes on the surface, the gravity signature is still dominated by the longwavelength high, indicating the infl uence of a high-density rock mass at depths greater than the production reservoir.
Outcrops of Mesozoic plutonic basement rocks in the Coso Range have a wide range of densities and vary in composition from leucogranite to gabbro with a common occurrence of rocks referred to by Whitmarsh (1998) as mixed complex. The latter are an intimate mixture of felsic and mafi c components that have densities ranging from 2.75 to 2.95 g/cm 3 , depending on the percentage of each end member in the sample. Reasonable density values for the rocks in the Coso Range vary from 2.65 g/cm 3 for leucogranite to 3.0 g/cm 3 for gabbro (Telford et al., 1976; Carmichael, 1990) . Using percentages of the various rock types encountered in drill holes in the Coso geothermal area as a guide, we believe that a reasonable average density for the mixed complex is 2.80 g/cm 3 . The mixed complex and the transition zone in our gravity model correspond to the stratifi ed (granite over diorite) pluton that is exposed in the exhumed Black Mountains metamorphic core complex (Serpa and Pavlis, 1996) .
We prepared a 2½-D model of the gravity data for the Coso fi eld along a NW-SE-oriented cross section through the main production area (Fig. 17) . Based on the fi ndings of Jones et al. (1994) and Fliedner et al. (2000) , we assumed that the Moho beneath Coso was bowed upward to a depth of 28 km in the central part of the fi eld, dropping off to a depth of 36 km at the margins. Because of the shape of the longwavelength gravity anomaly and the steep gradients that form its boundary, we have chosen to model the mass using the layered mafi c ore bodies that have been studied throughout the world as a template, i.e., the Skaergaard intrusion, the Bushveld complex, and the Musk Ox complex (Cox and Singer, 1987) . Our model fi ts the fi eld data when a transition zone consisting of 2.90 g/cm 3 material is inserted above the 6 km level and is underlain by high-density (3.05 g/cm 3 ) material.
The 2.90 g/cm 3 material represents a dike complex composed of mafi c material intruded into lower-density, upper-crustal rocks, and the 3.15 g/cm 3 diapir is localized ultramafi c asthenospheric material intruded into the space beneath the highly extended Coso core complex. The 3.05 g/cm 3 rocks represent mafi c cumulates left over from the fractional crystallization process that formed the Pleistocene rhyolites found on the surface at Coso. This is not an unusual circumstance in areas of highly extended crust. Metcalf et al. (1995) and Faulds et al. (1995) described mafi c cumulates derived from asthenospheric material in the root of the fully exhumed Mount Perkins pluton located in the northern Colorado River extensional corridor. These investigators observed that crustal thinning associated with core complex formation caused asthenospheric material that underwent fractional crystallization and formation of mafi c cumulates to intrude or underplate the distended crust. Based on hornblende geobarometry, Metcalf et al. (1995) determined that these highdensity cumulates reached depths of 5-7 km, similar to the 6-km-deep density contrast in our model. Inserting the 3.05 g/cm 3 mafi c cumulates in the 6-12 km depth range enables us to assign a very reasonable density value of 2.80 g/cm 3 to the mixed complex. Regardless of what density values are assigned to crustal rocks in the upper 5 km of the Coso area, two requirements must be met in order for the model to approximate the observed data: (1) the Moho must be bowed upward to bring the high-density (3.30 g/cm 3 ) body beneath the central part of the fi eld nearer to the surface; and (2) the entire intrusion must have a diapiric shape.
DISCUSSION

Metamorphic Core Complex or Not?
A nascent metamorphic core complex may not conveniently exhibit all of the features of its fully exhumed cousins, but there are fundamental characteristics that should be discernable to distinguish core complexes from other extensional structures. First, there has to be a mechanism that localizes extension of the crust, such as the dextral strike-slip releasing-bend found at Coso. This geometry requires that extensional rates across the stepover be comparable to slip rates on the bounding strike-slip faults. In the case of Coso, GPS data suggest that these rates may approach 6 mm/yr (McClusky et al., 2001 ). If such rates are sustained over a geologically signifi cant period of time, extension of many kilometers to tens of kilometers can accumulate in several million years. Analog modeling (Dooley and McClay, 1997; Rahe et al., 1998 ; Sims et al., 1999) of such systems replicates many of the structures that we see in the Coso Range, including the cross-basin Airport Lake-Coso Wash fault, and supports the notion of localized crustal thinning within the stepover (Fig. 18) . Seismicity in the Coso Range and surrounding areas verifi es the sense of offset on the bounding faults and the cross-basin fault consistent with the dextral strike-slip releasingbend geometry.
Based on the data presented herein, we contend that the mechanism for compensatory crustal thinning of the upper crust in the Coso geothermal area is a combination of high-angle (45-60° dip) and low-angle (<30° dip) normal faulting. This is consistent with numerous models of metamorphic core complexes (cf. Gans et al., 1985) wherein deformation of the upper (supradetachment) plate deforms in a brittle manner, as suggested by Block and Royden (1990) and the modeling work of Brun et al. (1994) . Closer to the base of the zone of seismicity, there is an inordinately large number of events that have one low-angle nodal plane, which we propose is the manifestation of normal faults that are soling out against the brittleductile transition (Gans et al., 1985; Parsons and Thompson, 1993) .
Furthermore, the pronounced convexity of the seismic-aseismic boundary beneath Coso is also consistent with models of the shape of the detachment surface (Brun et al., 1994) in developing core complexes (Fig. 1) . Parsons and Thompson (1993) (Fig. 1) showed a "zone of intrusion" that pushed the brittle-ductile transition upward, creating horizontal extensional strain, heating the country rock, and causing thermal softening. Because of this heating, they contend that stress axes were rotated away from vertical, thus favoring propagation of low-angle normal faults in the brittle upper crust. This is completely analogous to the Coso geothermal situation, and is supported by our analysis of changes in the orientation of seismic P and T axes with depth. Based on a comprehensive receiver function study of the Coso area, Wilson et al. (2003) postulated the presence of a magma chamber at a depth of ~5 km beneath the geothermal production area analogous to the aforementioned "zone of intrusion" that could explain the domed shape of the brittleductile transition seen in Figure 7 of this paper. The block model shown in Figure 18 is very similar in structure to the model of the now fully exhumed Black Mountains metamorphic core complex described by Serpa and Pavlis (1996) (Fig. 2) .
One of the most important aspects of the Coso system supporting our hypothesis (that it is a nascent metamorphic core complex) is the very youthful volcanism represented by the bimodal suite of rhyolite and basalt. This young volcanism provides the heat engine for elevating the brittle-ductile transition to shallow depths, softens the crust, thus facilitating ductile deformation in the lower plate, and causes the stress axes to be rotated away from vertical.
The strong asthenospheric signature in the rocks and fl uids from the Coso stepover is compelling evidence of passive advection of asthenosphere in the space that is created by thinning of the middle and upper crust (Martinez et al., 1999) . Strontium isotope ratios and ε Nd in Coso rocks both indicate a direct connection to an asthenospheric source, as do helium isotope signatures of geothermal fl uids. Percentages of helium and argon and the nature of the isotopes in gas samples are both characteristic of material found in a mid-ocean-ridge environment that has a direct feed from the mantle. These geochemical signatures are attributable to crustal thinning that has permitted intrusion or underplating of dense, asthenospheric material at depths as shallow as 15-25 km, conductive melting of shallower (5-10 km depth) rocks, and elevation of the brittle-ductile transition (Fig. 17) . Our gravity data modeling suggests that the locus of these phenomena is coincident with the shallowest depth to the brittle-ductile transition.
Because the Coso structure is still in its formative stages, the detachment fault separating highly metamorphosed and igneous lower-plate rocks from upper-plate rocks, which is characteristic of fully exhumed metamorphic core complexes, is not yet exposed. We suggest it exists at a depth of 4-6 km beneath the central part of the Coso Range based on several lines of evidence. First, the base of seismicity (i.e., the lower limit of brittle faulting) is ~4-5 km beneath Coso. High temperature gradients associated with the geothermal production wells in the central part of the structure are more than suffi cient to produce greenschist facies metamorphism and mylonitic structures at 4 km depth, similar to what is determined from pressure-temperature studies of exhumed core complexes (e.g., Henry and Dokka, 1992) . Thus, one could reasonably expect that when the Coso basal detachment structure fi nally is exposed at the surface, it will exhibit the same types of features as found in other fully exhumed core complexes.
When Did the Coso Metamorphic Core Complex Begin Forming?
We assume that initiation of the Coso metamorphic core complex was coincident with onset of dextral shearing along the eastern front of the Sierra Nevada. There is no precise date for when this occurred, but estimated that the transition to NWdirected transtension began sometime between 3 Ma and 2 Ma, based on the opening of the Coso Wash (Duffi eld et al., 1980 ) and a number of other factors. The onset of dextral shear in the Indian Wells Valley-Coso Range may have occurred as a result of an abrupt westward shift in the locus of deformation along the entire eastern margin of the Sierra Nevada, thus narrowing the rigid Sierran microplate (Jones et al., 2004) . Stockli et al. (2000) and Trexler et al. (2000) also concluded that the onset of dextral strikeslip faulting took place at this same time in the nearby Owens Valley.
Pressure-temperature studies of core complexes in the southwestern United States have shown that once denudation begins, metamorphic core complexes are fully exhumed in a matter of 5-8 m.y. (e.g., Livaccari et al., 1995) . For example, Henry and Dokka (1992) showed that for the Central Mojave core complex, the brittleductile transition moved upward from a depth of ~20 km to the surface in 5 m.y. Similarly, Holm et al. (1993) showed that the Black Mountains metamorphic core complex was fully exhumed in 5-6 m.y. In the case of the Central Mojave metamorphic core complex, the exhumation rate of the lower-plate rocks was ~4 mm/yr, which is comparable to the GPS-measured rate of distributed dextral shear through the Coso Range that shows the Coso reservoir has been heating over the past million years, we conclude that the Coso core complex is not yet mature and will continue to be an actively forming structure for at least the next 2-4 m.y.
CONCLUSIONS
The active Coso geothermal fi eld is located in a releasing bend of the dextral strike-slip fault system located along the eastern margin of the Sierra Nevada. Based on several lines of evidence, we conclude that this releasing bend hosts a nascent metamorphic core complex.
The structural and tectonic setting of the Coso fi eld necessitates crustal thinning to accommodate horizontal plane-strain transtension. That crustal thinning is accomplished by brittle faulting on high-angle and low-angle normal faults in the upper 4 km of the crust. At that depth, temperatures are suffi ciently high that the rocks appear to go into a ductile state based on the seismic-aseismic boundary. Normal faults above this shallow brittle-ductile transition appear to become listric with depth based on seismotectonic analysis of focal mechanism solutions. The geometry of the shallow brittleductile transition and the listric faults is analogous to detachment zones in fully exhumed metamorphic core complexes.
The combination of a strong positive gravity anomaly and a strong asthenospheric signature in isotopic analytical results for rocks and gases from the geothermal fi eld attests to the close proximity to asthenospheric material in the midcrust. Gravity modeling shows that there must be high-density (3.3 g/cm 3 ) mafi c material in the middle crust, which we interpret as cumulates from fractional crystallization of magmas that formed the bimodal Pleistocene volcanic suite found at Coso.
We propose that the Coso metamorphic core complex is in a very immature stage based on the active tectonic setting, the very shallow brittle-ductile transition, and the fact that the reservoir appears to be heating with time. It is postulated that the Coso metamorphic core complex could continue to evolve for another 2 to 4 m.y. before typical core complex-type structures are brought to the surface.
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